A B S T R A C T
INTRODUCTION
Interactions among the various absorptive processes of the proximal renal tubule may be inferred from the occurrence of ac(luired and inherited disorders characterized by glucosuria, phosphaturia, and amino aciduria (1, 2) and from direct observations of the influence of specific solutes such as glucose on the renal handling of others such as phosphate (3) (4) (5) (6) (7) (8) . Although it is not clear how the transport of solutes as chemically different as glucose and phosphate or glucose and amino acids may interrelate, data obtained largely from intestinal transport systems have led to three basic theories. First, the various transport processes involved in the movement ofthese solutes may compete directly for limited available metabolic energy (9, 10) . Second, the involved solutes may be transported by a single polyfunctional carrier having kinetic characteristics that are altered by interactions with different solutes (10) . Third, the interacting transport systems may be mutually affected by some consequence of a dominant transport event such as sodium movement (11) (12) (13) (14) . Such consequences may include the maintenance of an extracellular to intracellular sodium gradient (11, 13, 14) , the flow of sodium ions or sodium current (15) , and the steady-state transmembrane electrical potentials related to cation transport (16) .
With regard specifically to the kidney, relatively little attention has been directed toward the possibilities of direct interactions among the transport processes of solutes other than sodium. Emphasis instead has been placed on the regulatory roles of extrinsic humoral and physical factors. However, it seems reasonable that considerations intrinsic to the tubular epithelium itself may also significantly affect the renal handling of the major solutes. Accordingly, the purpose of the present studies was to look for relationships among the transport systems involved in the movement of glucose, phosphate, alanine, and bicarbonate across the proximal renal tubule and to consider potential mechanisms. Studies were performed in vitro to isolate transport events from systemic factors such as parathyroid hormone and insulin which may otherwise affect tubular function (7, 8) . The results indicate that glucose, phosphate, and alanine compete for transport across the proximal convoluted tubule and this competition appears to be mediated through the mutual dependence of these solutes upon sodium transport. Primary reductions in sodium transport decrease the absorption of both phosphate and glucose while interference with the availability for transport of either glucose or alanine results in increases in phosphate absorption. Details of these interactions suggest that phosphate absorption may be inhibited by electrogenic sodium transport related to glucose and alanine while unaffected or enhanced by nonelectrogenic sodium transport related to bicarbonate absorption. Thus, electrical coupling of solute transfers may occur in the proximal renal tubule in a pattern similar to that described for other absorbing epithelia.
METHODS
Segments of proximal convoluted tubules were dissected primarily from superficial nephrons of female New Zealand white rabbits maintained on rabbit chow (Ralston Purina Co., St. Louis, Mo.). Tubules were perfused in vitro with continuously exchanged bathing medium consisting of artificial serum or commercial rabbit serum (Microbiological Associates, Walkersville, Md.) maintained at 37°C, pH 7.35 to 7.45, and isosmotic with the perfusion fluid. Artificial perfusion fluids as described in Table I were used. Artificial bathing media, when used, were made directly from the corresponding perfusion fluids by adding 6 g/100 ml defatted albumin (17) (2) where Jb'(picomoles per millimeter per minute) is the bath-tolumen flux of glucose (Jb or of phosphate (Jbl4); VO,CO*,and L are as above for Eq. 1 and Xb is the specific activity of the appropriate solute in the bath. As discussed by Schafer et al. (23) , this equation neglects the backflux of transported solute which is considered to be insignificant.
In some instances, the lumen-to-bath and bath-to-lumen fluxes of phosphate were determined simultaneously with 33PO4 in the perfusate and 32Po4 in the bath (18) . In all studies fluid absorption rates were measured with the standard equation (24) .
Although the data to be presented constitute an admixture of glucose or phosphate fluxes measured from either bath to lumen or from lumen to bath, one basic protocol was followed. Jv, fluid absorption rate. 2 Tune and Burg (20) estimated that the bath-to-lumen flux ofglucose in the isolated proximal convoluted tubule averaged 18.8 pmol/mm * min or approximately 20% ofthe lumen-to-bath flux. More recent estimates in our laboratory (19) with pipette sealants and measuring net fluid absorption simultaneously indicate bath-to-lumen values of 9 pmol/mm -min or approximately 10% ofthe lumen-to-bath flux. We consider this degree of backflux to be negligible.
of either glucose or of phosphate was measured during exposure to at least two types of fluids. In studies designed to examine the effect of deletions of specific solutes from the perfusate or the bath or both, individual tubules were equilibrated with an initial fluid which on a random basis was either the control fluid resembling glomerular ultrafiltrate (solution A; Table I ) or an experimental fluid (solutions B through D; Table I ) deficient in a single solute. As designated, the bath was either rabbit serum, artificial serum derived from solution A, or artificial serum deficient in a single solute. After threefour collection periods, the initial perfusion fluid or bath was replaced by a second fluid and collections were resumed after 5-10 min. Thus, the order of change from normal, physiological fluid to deleted fluid was randomized. In most instances the initial fluid was reexamined during the recovery period. In studies designed to examine the effects ofphlorizin, phlorizin was added directly to the perfusion fluid or bathing serum as indicated. For all studies, the effects of changes in the ambient fluids were compared on a paired basis to data from the same tubule obtained during exposure to the designated control fluids.
In preliminary studies, fluid absorption rate (JV) and JlP4
were measured simultaneously in tubules initially bathed in rabbit serum and perfused with ultrafiltrate made as described previously (18, 25) 
RESULTS
Effect of glucose on phosphate transport. The influence of glucose on phosphate transport was examined in three ways; by deleting glucose from the perfusate, by varying the glucose delivery rate, and by inhibiting glucose transport with phlorizin. The bathing fluid for all these studies was normal rabbit serum. In the first situation ( Fig. 1 (solution B) from zero to 0.5, 2.5, 6.0, or 12.0 mM and by changing the perfusion rate over the range from 5 to 20 nl/min. As illustrated in Fig. 2 , inhibition of phosphate absorption occurred at glucose delivery rates as low as 5 pmol/min and inhibition appeared to be maximal at delivery rates greater than 30 pmol/min. According to Tune and Burg (20) and as confirmed by us (19) , glucose absorption in this system is not saturated until delivery rates exceed approximately 150-200 pmol/min.
The effects of phlorizin, a well-characterized inhibitor of glucose transport (30), were examined both in the presence and in the absence of intraluminal glucose. Paired studies were done in seven proximal convoluted tubules, each perfused on a random basis with both glucose-free (solution B) and glucose-containing perfusate (solution A). As shown in Fig. 3 , the lumen-tobath flux of phosphate averaged 4.77+0.82 pmol/ mm min during perfusion with fluid containing 6.38 mM glucose and increased to 9.11±+ 1.81 pmol/mm * min in the presence of phlorizin, 10 AM, in the lumen (P < 0.02). For these same tubules in the absence of glucose in the perfusate, Jlb 4 averaged 9.70±1.72 pmol/ mm-min and was unchanged at 9.70±1.52 upon the addition ofphlorizin. In six additional tubules perfused with solution A and bathed in rabbit serum, 10 ,uM phlorizin in the lumen had no effect on the bath-tolumen flux of phosphate which averaged 0.36±0.10 pmol/mm min in the absence of phlorizin and 0.21±0.06 in the presence of phlorizin. Thus, in the presence of glucose, intraluminal phlorizin enhanced phosphate absorption to an extent similar to that observed upon the removal of glucose and yet in the absence of glucose phlorizin had no additional effect on phosphate transport. Accordingly, the effects of phlori- FIGuRE 3 Glucose dependence of the effect of phlorizin on phosphate absorption. Seven proximal convoluted tubules were perfused initially with either glucose-containing or glucose-free fluid and subsequently with the same fluid containing 10 ,uM phlorizin. Each tubule was then perfused with the alternate perfusate, again with and without phlorizin.
Rabbit serum was used as bath.
zin on phosphate absorption appear to be related directly to the effects of phlorizin on glucose transport.
As noted previously (19, 28) , phlorizin caused a small but significant reduction in fluid absorption rate. Effects of alanine on phosphate transport. The proximal handling of alanine, a representative neutral amino acid, and of glucose appear to be closely related. The presence ofthese two solutes is largely responsible for the lumen-negative transepithelial electrical potential difference associated with proximal sodium transport (28, 29, 31) . Because, as shown above, glucose transport inhibited phosphate absorption, it seemed logical to examine also the effects ofalanine. Seven convoluted segments (Table II) were perfused on a random basis with both solution A containing 5 mM alanine and with alanine-deleted solution A wherein sodium chloride replaced alanine. Rabbit serum was used as the bath. Under these conditions the presence of alanine decreased Jlbo4 from 9.00+1.30 pmol/mm min to 6.55+1.08 pmol/mm-min (P < 0.01). Fluid absorption rates were unchanged at 0.78+0.06 nl/mm * min. In three studies, Jb4 was also unchanged at 0.77+0.26 pmol/mm * min. Thus, alanine also inhibited phosphate absorption and did so without measurable effects on net sodium transport.
Effects of alanine on glucose transport. The possibility existed that these inhibitory effects of alanine on phosphate transport may have been mediated via alanine-induced increases in glucose transport. Therefore, the effects of alanine on glucose trans- Fig. 5 , for 16 studies in 13 tubules there was a positive linear correlation between the reduction in phosphate transport and the reduction in J,. These data together with our previous observations (18) indicate clearly that the rate of phosphate absorption in this system is directly related to the rate of sodium transport. In addition, although the dispersion of the data froin these types of studies precludes a precise determination, the estimated y-intercept in Fig. 5 is 0. 16. This may indicate that only a small fraction of phosphate transport is independent of sodium and this presumably includes the sodium-independent diffusional component of Jlb 4 which averages about 8% of the total flux (18 (Table IV) . When solution A, having a sodium concentration of 144.9±3.1 mM, was used as perfusate and artificial serum was used as the bath, Jlbaveraged 87.4±3.4 pmol/mm-min and was reduced to 50.5±7.1 pmol/mm min (P < 0.01) when the sodium concentration in the perfusate was 46 which progressed from the perfusion end presumably because of the high intraluminal pH resulting from the low ambient Pco2 required to maintain the bicarbonatefree bath at pH 7.4. It is clear, however, that in contradistinction to the addition of glucose or of alanine, the addition ofbicarbonate increased rather than decreased phosphate transport. As cited above, this effect may be assumed to relate to the effect ofbicarbonate on sodium transport rather than volume absorption per se. Similar studies were performed in five additional convoluted tubules during measurements of glucose transport. These tubules were perfused with both solution A containing bicarbonate and also with bicarbonate-free solution D. Artificial serum made from these fluids was used as the bathing medium. As shown in Table VI , Jl was reduced from 68.1±7.3 pmol/ mm min in the presence of bicarbonate to 54.1±5.5 pmol/mm min in the absence ofbicarbonate (P <0.02). Fluid absorption rates decreased from 0.91±0.19 to 0.54 ±0.16 nl/mm min (P < 0.01). Thus, in contradistinction to the effects ofdeleting alanine, the removal of bicarbonate from the system and the associated decrease in net sodium flux reduced glucose transport in a qualitative pattem similar to that observed above for phosphate absorption. The fractional reduction in glucose transport is less substantial than the reduction in phosphate absorption, again suggesting that significant glucose transport may occur independent of sodium transport.
DISCUSSION
This description of the complex interactions occurring among solute transfers in the proximal convoluted The first major observation of these studies is that glucose and phosphate compete for transport across the epithelium of the proximal convoluted tubule (3) (4) (5) (6) (7) (8) and that this competition occurs independent of any systemic factors such as volume expansion, insulin, or parathyroid hormone activity. Whether replaced by urea or by sodium chloride, the deletion of glucose from the perfusion fluid resulted in consistent increases in phosphate absorption averaging approximately 60%. Moreover, similar increases in phosphate transport occurred when glucose was present in the perfusate but when its transport was inhibited by phlorizin. In the absence of glucose, phlorizin itself had no direct effect on phosphate handling and so the data indicate that glucose-induced reductions in phosphate absorption are related to the actual transport of glucose and not merely to its presence in the lumen. These observations would seem to explain in large part why glucose infusions sufficient to cause glucosuria result in increased phosphate excretion in man (4) and in the dog (3, 5, 8) while phosphaturia does not occur with phlorizininduced (3, 5) or with renal glucosuria (36) , conditions associated with glucosuria but without increases in glucose transport. Furthermore, because most data indicate that phlorizin interacts with glucose transport at the luminal brush border (19, (37) (38) (39) and perhaps at the glucose receptor site specifically (39) , the present data suggest that glucose and phosphate enter their transport pathways through separate initial membrane events or receptors and that competition for transport occurs beyond this step. That is, these data do not favor the concept of a single polyfunctional carrier mechanism involving both glucose and phosphate. Pitts and Alexander (3) reached a similar conclusion on the basis of earlier clearance studies in the dog.
Although it seems clear that glucose and phosphate are not competing for a common initial transport event or receptor site, a number of other possible interactions between glucose transport and phosphate need to be considered. First, in an in vitiro system such as this, metabolically derived energy may be marginal and as the transport of one solute is decreased, more energy may become available for the transport of another. This seems unlikely for at least three reasons. First, the present data derived from an in vitro system are in accord with similar data obtained in vivo in man (4) and in the dog (3, 5, 8) demonstrating that saturation of renal glucose absorption inhibits phosphate transport. Second, in the present studies, there was no suggestion of any proportionality between the reduction in phosphate transport and the expected rate of glucose transport. That is, Tune and Burg (20) demonstrated previously in this system that glucose absorption increases as glucose delivery rates are increased toward saturating levels of about 200 pmol/min. However, for the studies depicted in Fig. 2 , the inhibition of phosphate transport occurred and appeared to remain constant after glucose delivery rates of less than 30 pmol/min were achieved. The degree of reduction in phosphate absorption was thus not proportional to the rate of glucose transport which may be expected to increase with further increases in glucose delivery. Imai et al. (29) described apparently similar relationships for glucose delivery and sodium transport. Third, comparable increases in phosphate transport occurred when alanine was deleted from the perfusate even though amino acid transport rates, and probably energy requirements, may be expected to be considerably less than the rate of glucose absorption (40) .
It also seems unlikely that phosphate absorption is linked directly to phosphorylation of transported glucose since phosphate transport decreased as glucose absorption increased ( Fig. 1 and 2 ) and because phlorizin enhanced phosphate transport while reducing glucose absorption. Similarly, the effects ofglucose and alanine on transepithelial electrical potential difference are not likely to be responsible, per se, because the presence of these two solutes in the perfusate is associated with lumen negativity (28, 29, 31) and this effect, if anything, would be expected to increase rather than decrease the driving forces for the movement of phosphate from the lumen to the bath.
More likely mechanisms relating phosphate transport to that of glucose and alanine may reside in the mutual dependence ofthese absorptive processes upon sodium transport. The present studies demonstrate clearly that the transport processes involved in the movement of glucose and of phosphate across the epithelium ofproximal convoluted tubules are dependent upon some interaction with sodium. With regard to phosphate, the elimination of potassium from the bath, the reduction in intraluminal sodium concentration by replacement with choline, and the elimination of bicarbonate from the ambient fluids each resulted in marked decreases in net sodium and in phosphate transport. For glucose, elimination of potassium from the bath, reduction in intraluminal sodium concentration, and ouabain (19) each reduced glucose absorption rates. These observations extend previous microperfusion studies performed in vivo, demonstrating that the severe condition ofreplacement ofsodium with choline in both the luminal and peritubular capillary fluids of the proximal tubule of the rat eliminates the active transport of glucose (37) , phosphate (32) , and certain amino acids (41) . Collectively, the data seem sufficient to conclude that the absorption of glucose, phosphate, and probably amino acids by the proximal renal tubule occur via transport processes that are dependent, at least in part, upon some function of sodium transport. In this regard, however, a significant portion of glucose absorption may occur in the proximal tubule independent of sodium transport (Table IV) .
Models of epithelial transport based on sodium dependence emphasized originally the important regulatory role of the chemical gradient for sodium maintained between the extracellular and intracellular microenvironment by the operation of a metabolically dependent, ouabain-sensitive sodium extrusion system located at the antiluminal or serosal surfaces of absorbing epithelia (11, 42) . The maintenance of a low intracellular sodium concentration relative to the external medium is thought to serve as the major transducer between cellular metabolism and solute transport at the brush border. Any interference with factors maintaining this gradient would be expected to reduce the driving force and therefore the absorption rate of any solute dependent upon its intensity. Such interferences may be regarded as primary inhibitors of sodium transport and would include maneuvers such as elimination of potassium from the bath, ouabain, reduced availability of sodium in the lumen, and, presumably, the complete removal of bicarbonate, each of which has been shown in the present (Tables IV-VI; Fig. 3-5 ) or in related studies (18, 19) to inhibit sharply the proximal absorption of both phosphate and glucose.
In addition to the chemical gradient for sodium, however, more recent considerations emphasize that electrical potentials across the mucosal surface are also important determinants of the rate and direction of sodium-coupled transfers. Evidence has been accumulated (43, 44) and summarized by Schultz (45) indicating that for various absorbing epithelia, including the proximal tubule of the newt (44), the carrier-mediated, sodium-dependent entry processes for glucose and alanine result in the translocation ofcharge and are thus rheogenic or current generating. Such a situation is also likely to obtain in the proximal convoluted tubule ofthe rabbit, although definitive information in the form of transmembrane electrical potentials is lacking at this time for obvious technical reasons. Rheogenic entry processes not only contribute to the transmembrane electrical potential difference but are themselves affected by any changes in its intensity. Accordingly, any change in the rheogenic entry of a solute such as glucose or alanine may enhance or deter the entry of any other solute such as phosphate which may be influenced by this electrical potential. Such interactions are referred to as electrical coupling as distinguished from chemical coupling such as occurs, presumably, in cotransport. Electrical coupling has recently been demonstrated between sodium-dependent glucose and alanine transfers across isolated membrane vesicles derived from brush-border material of the rat small intestine (15) .
With regard to the present studies, electrical coupling between the sodium-dependent transport of glucose and of phosphate could explain the lack of direct proportionality between the extent of glucose transport and the degree of inhibition in phosphate transport (Fig. 2) . Moreover, such a model would explain why electrogenic transport of glucose and alanine may inhibit phosphate transport whereas nonelectrogenic bicarbonate-dependent sodium transport does not. In essence, since the bicarbonate-dependent component probably represents sodium and hydrogen ion exchange (46) , there is no opportunity for electrical coupling. Along these lines, it seems likely that the inhibition of both glucose and phosphate transport by the complete removal of bicarbonate reflects the degree of reduction in sodium transport rather than any specific effect ofbicarbonate although it must be acknowledged that the mechanism whereby bicarbonate affects sodium transport in the proximal tubule remains unclear (46) . The major point to be made is that electrical as well as chemical consequences of sodium transport appear to be involved in these various interactions.
It should be emphasized that the present studies are inadequate to define precisely whether these or other mechanisms may underlie the inhibition of phosphate transport by glucose and alanine. However, the present studies do demonstrate unequivocally that the transport of glucose and of phosphate by the isolated proximal convoluted renal tubule occurs, at least in part, via sodium-dependent processes. Primary and marked inhibition of sodium transport reduces the transport of both glucose and phosphate, and presumably other solutes, while the primary inhibition of specific sodium-dependent solutes may result in increases in the absorption of others by mechanisms that are suggested but still basically undefined.
